The first will deal with maintenance, i. e., the establishment of alternative steady states with respect to enzyme synthesis. The second will discuss the development of heterogeneity within a clone (Cohn and Horibata, 1959a) . The third paper will deal with the problem of the mechanism whereby glucose exerts its inhibitory effect (Cohn and Horibata, 1959b) .
Most observations described in these papers were made some time ago, but they could not be analyzed in terms of a single theory until the discovery that the induced f3-galactoside-enzyme system comprises two factors: (a) a specific transport system (permease) for bringing galactosides into the cell, and (b) ,B-galactosidase itself (Cohen and Monod, 1957; Monod, 1956; Rickenberg et al., 1956) . All the findings can now be completely understood as a consequence of the inducible permease.
MATERIALS AND METHODS
The properties of the fl-galactoside-enzyme system have been reviewed recently (Cohen and Monod, 1957) and relevant references describing both the techniques employed and the properties of the permease and galactosidase are found in this review. The general description of methods which will follow only recalls the essential manipulations.
Reagents and inducers. Methyl ,B-D-thiogalactoside labeled with S35 (10 to 20 mc per mmole) and nonradioactive methyl f-D-thiogalactoside were synthesized in this laboratory by Dr. Dietmar Tiirk and their properties and preparation are synthesis of ,B-galactosidase. This was demonstrated bv showing that a 5-fold dilution of the mediumii 56 and a 40-fold dilution of the suceinate (0.1 to 4.0 g per L) did not affect the differential rate of the svnthesis.
Strains of Escherichia coli. The various mutants (AIL and K12) of E. coli have been described previously (Herzenberg, 1958; Monod, 1956; Rickenberg et al., 1956) (Herzenberg, 1958) . The enzyme, ,B-galactosidase (Z) is inducible in strains ML30 and ML3. The f3-galactosidase activity of strain W2242 is less than 0.01 unit per,g N. Although strain ML30 will grow on and is induced by lactose to synthesize both Y and Z, strain ML3 will not grow on and is not induced by lactose even when it possesses the f-galactosidase. This strain is known as a lactose-negative cryptic (Herzenberg, 1958;  Monod, 1956; Rickenberg et al., 1956 ). Strain MNIL3 is induced to the same levels of Z by concentrations of thiogalactoside of the order of 20 times that necessary for strain MIL30. The Y system of strain W2242 is inducible but due to the lack of Z this mutant does not grow on lactose and has been termed lactose-negative absolute (Monod, 1956 (Monod et al., 1951; Novick and XVeiner, 1957) . In later experiments 10 Ag per ml deoxycholate was added to give more uniform results (Novick and Weiner, 1957 Rates of enzyme synthesis. We have expressed all results in terms of the differential rate of synthesis, P, i. e., the ratio of the rate of enzyme (Z) synthesis, to the rate of increase in total bacterial mass (B).
which is determined by the slope of the curve resulting from the plot of Z (units per ml) against B (Mig bacterial nitrogen per ml) during induction of a growing culture. The theoretical basis of this measurement has been given in previous papers (Cohn, 1957; . chloramphenicol (50 jAg per ml), and radioactive TMG (5 X 10-4 M) with a specific radioactivity of the order of 5 X 105 cpm per ,umole TMG. After aeration for 5 min at 37 C, the suspension was centrifuged at 15,000 X G for 1 min at 0 C and the supernatant fluid was removed by suction through a capillary pipette. The walls of the tube were wiped dry and the precipitate was suspended in 1.0 ml of 0.01 M phenyl f3-D-thiogalactoside.
After 3 min at 37 C the accumulated TMG is quantitatively released into the supernatant, which, following centrifugation, can be assayed for radioactivity5 (Rickenberg et al., 1956) .
The radioactivity was determined in a windowless gas flow counter on dried samples of infinite thinness. The actual values were corrected for the free water of the bacteria by using the calculations described by Roberts et al. (1955) the assumption being that the water space and contaminating liquid are 75 per cent of the wet weight calculated from the optical density. All determinations were carried out in duplicate and over-all error of the assay from the moment of sampling of the culture is 10 per cent.
The differential rate of synthesis of the Y system is determined, as discussed for Z synthesis, from the slope of the curve relating Y (m,Amole TMG accumulated per ml at the steady state level) and bacterial mass, B (,ug N per ml) during the induction of a growing culture.
The essential aspects of this assay were established by Rickenberg et al., 1956, who 5 The method for assaying Y activity has been improved since these experiments were completed (Cohn et al., 1959) . concentration of 10-4 M, the formation of 3-galactosidase, Z, begins almost immediately at a rate which parallels growth and which continues as long as the bacteria grow in the presence of the inducer (figure 1). If glucose (10-s M) is added simultaneously with TMG, the synthesis of Z is blocked (figure 1).
The concentrations of TMG and glucose used here were those which best permit the establishment of indefinitely stable steady states. The quantitative relationship between inhibitor and inducer in this system is quite complex and not being essential to the present argument will not be dealt with here, in great detail. Suffice it to say that at high concentrations of TMG one can induce f-galactosidase formation even in the presence of 103 M glucose6 (figure 2). If low concentrations of glucose are used, its rapidly changing concentration due to metabolism makes the kinetics difficult to analyze.
(2) Maintenance effect in the presence of inducer:-In an experiment similar to that described in figure 1, it was shown that 15 min after the addition of inducer the cells become 6 The accelerating formation of galactosidase in the presence of glucose is due to heterogeneity in the response of the culture to induction (figure 2). This problem will be discussed in the next paper (Cohn and Horibata, 1959a When the culture reached a sufficient density to determine the growth rate, the bacterial concentration at the time of sampling was determined by extrapolation. This method is valid since the extrapolated value of the OD at time zero agrees with the value calculated from the dilution of the mother culture. * * = TMG (5 X 10-4 M); V V = TMG (2 X 10-2 M) + glucose (10-3 M); resistanit to the inhibitory action of glucose and form enzyme in its presence (figure 3). The effect of preinduction is to restore in the presence of 10-3 M glueose about 50 per cent of the maximal differential rate obtainable on succinate. Why the maximal rate is not established will be discussed in another paper (Cohn and Horibata, 1959b) . The important point here is that in the presence of glucose preinduced cells can synthesize enzvme at a rate which is at least 300 times greater than that of noninduced cells; and these alternative states of synthesis and nonsynthesis of enzyme can be maintained constant through many divisions (figure 4). In this latter experiment the preinduced culture formed enzyme in the presence of glucose (for approximately a 500-fold increase in mass or 9 divisions), whereas the noninduced culture did not. When Under conditions of maintenance in a medium containing succinate and glucose, the induced and noninduced cells grow equally well as can be shown by mixing the preinduced and a noninduced culture in the ratio of 1:1 so that the average specific activity is one half that of the fully induced culture. This mixture passed for 133 generations in glucose and inducer still shows half-maximal activity (about 30), which is the value predicted had the population remained constant in composition, one half producing no enzyme and the other half producing enzyme maximally under these conditions.
Thus it seems clear that two stable steady states7 with respect to f-galactosidase synthesis can be maintained by a genotypically homogeneous population growing in a given medium. This phenomenon will be used as a tool in a manner analogous to that described by Novick and Weiner (1957) in order to analyze the state of induction of a culture. The term "maintenance" proposed by Novick and Weiner (1957) will be used from now on to mean the stable state of formation of enzyme (Y or Z or both) after preinduction under conditions where little or no enzyme would be formed in the absence of preinduction.
(3) Maintenance effect in the absence of inducer:-The last experiment showed that a culture, under conditions of maintenance, when placed in a medium without inducer ceases to make enzyme. It is well known that a fully induced culture growing in the absence of inducer dilutes out its content in f-galactosidase in proportion to the increase in cell mass (Benzer, 1953; Monod and Cohn, 1952; Rickenberg et al., 1953) .
In other words, the total quantity of enzyme in the culture remains constant. The question posed by the above experiment is whether the ability of a preinduced culture to make ,B-galactosidase in the presence of glucose plus inducer 7A stable steady state is used in this paper to mean a constant differential rate of synthesis over many generations of growth. Three cultures were prepared: (1) An induced culture made by growing ML30 oIn succiniate-56 medium plus 104 M TMG, (2) a noninduced culture, and (3) a 1:1 mixture of the induced and noninduced culture.
These three cultures were each diluted to the level of 1 bacterium per ml into two flasks containing 200 ml of succinate 56 medium plus (a) glucose, 10-3 M, and TMG, 10-4 M, and (b) TMG, 8 X 10-6 AI. The cultures were grown aerobically at 37 C until the concentration of cells was 108 per ml at which time samples were taken for assay of j3-galactosidase activity and galactoside-permease activity. The cultures were then rediluted as above. Two additional controls were run at each transfer. The three cultures were diluted to 1 bacterium per ml into TMG 104 M and into succinate 56 medium without inducer. These were assayed for ,3-galactosidase and permease activity when the density reached 101 bacteria per ml.
also disappears upon the growth of this culture in the absence of inducer. To answer this question, a fully induced culture was grown on succinate in the absence of inducer, samples were placed at various times in glucose plus inducer, and the differential rate of synthesis of f-galactosidase determined. This rate is plotted as a function of number of generations of growth of the mother culture in the absence of inducer (figure 5, curve 1). After 2 to 3 generations, the culture can no longer resist the inhibitory action of glucose and it reverts to a noninduced state as far as maintenance is concerned although its level of enzyme is still quite high.
The contrast then is striking. A culture if synthesizing enzyme in the presence of glucose and inducer will continue to do so indefinitely (table 1) With this as a base, a model for maintenance can be set up by adding two assumptions: (a) that the inducer concentrated internally by Y is responsible for the induction of both Y and Z, and (b) that glucose enters by a separate route distinct from the galactoside-permease, Y, presumably an independent permease, Y' (Cohen and Monod, 1957) .
The model then can be described as shown in schema These findings have been confirmed by the use of the glucose-negative mutant W327 (Doudoroff et al., 1949) . This mutant, known to metabolize endogenous glucose (Doudoroff et al., 1949) , was shown to lack the constitutive methyl a-D-glucoside-permease which is probably identical to the glucose-permease (Cohen and Monod, 1957) . As would be anticipated with such a mutant, glucose does not inhibit induction of Z by TMG. On the other hand glucose-positive strains isolated from W327, either by selection on glucose or by transduction, showed the typical inhibitory effect of glucose.
Further, it has been possible to show that not only is the activity of the galactoside-permease unaffected by glucose but, conversely, the activity 8 There are conditions under which glucose may block effectively the entrance of inducer via the Y system into the cell. In fact, glucose inhibits galactoside-permease activity wherever strains which have not been "trained" on succinate or other noncarbohydrate carbon sources are used (B. Horecker, unpublished results). This curious observation is not as yet understood. Monod, 1953; Monod, 1956) does not establish maintenance (e) The model assumes that the only effect of the permease is to increase the internal concentration of inducer. Preinduction then should be equivalent to increasing the inducer concentration. Indeed Monod (1956) and Novick and Weiner (1957) figure 5) .
These experiments then leave little doubt that the maintenance effect at low inducer concentration or in the presence of glucose is due to the action of the same system, namely the permease for galactosides.
CONCLUSIONS
The observations described here slhow that under certain conditions a given bacterial cell may exist in one of two steady states with respect to the synthesis of a certain enzyme system. Furthermore, these states can be perpetuated indefinitely in the descendants of such a cell. These inheritable stable states are not the expres sion of genetic differences, and in the present case, they can be entirely understood in terms of the known properties of one of the elements of the "f-galactoside-enzyme system" namely the ,B-galactoside-permease. This permease not only accumulates galactosides intracellularly but its synthesis is induced by the galactoside which it accumulates. The permease may therefore be described as a "self-inducing system" for which a generalized schema might be drawn (schema 2). It is clear that any inducible enzyme or enzyme system which is induced by its product rather than by its substrate would behave like the permease and assume "self-inducing properties." Any system endowed with such properties would tend to show a maintenance effect. This model of a self-inducing system therefore offers a very simple and attractive interpretation of certain "Dauermodifikationen" observed in populations of growing cells. This "positive" feedback situation is analogous to the "negative" feedback which has been extensively studied (Magasanik, 1957) . Novick and WVeiner (1957) lhave described maintenance at low inducer concentrations and their findings and those reported here are interpretable under the same hypothesis by assuming that glucose lowers the effective concentration of inducer.
Some time ago, Pollock (1953) pointed out that cycles of inducible enzymes tend to be perpetuating and his model may be considered a special, somewhat more complex case of "self-induction." The first general formulation of this problem we owe to Delbrutck (1949) who pointed out that biological systems, like certain physical systems, might be capable of existing in different steady states under identical conditions. Such systems, Delbriuck stated, could pass from one steady state to another under the influence of transitory modifications of the environment, and could present a stability and discreteness resembling genetic variation. Thus he emphasized that the indefinite perpetuation of such stable states could be understood without the assumption of selfreproducing entities. The f-galactoside-enzyme system is an example of the Delbriick model. In addition to maintenance, self-induction should lead to a mimicry of certain genetic phenomena as mutation and maternal inheritance. It is to this question that the next paper is devoted (Cohn and Horibata, 1959a) .
SUMMARY
An Escherichia coli clone growing in the presence of glucose, to which is added a W-galactoside inducer, will not be induced to make either the galactoside-permease (Y) or f3-galactosidase (Z). The same clone, preinduced in the presence of inducer, will continue to make permease and enzyme, after glucose is added. These studies have shown that a given culture growing in a fixed medium can exist indefinitely in alternative steady states and that it can be shifted from one stable state to the other by transitory variations in the environment. A model which accounts for these findings is based upon the facts that (a) Y is induced by an internal galactoside whose accumulation is catalyzed by Y, and (b) glucose, in order to inhibit, enters by a distinct and independent route.
In such a situation, the state of nonsynthesis is stable because the f3-galactoside cannot reach the site of Y synthesis and overcome the glucose inhibition in a cell which lacks Y. The state of synthesis is stable because the initial presence of Y provides the internal inducer necessary for the continued synthesis of Y in a glucose environment. The synthesis of Z simply mirrors the synthesis of Y since both entities are induced directly or indirectly by the same substance, namely the product of Y action.
